Introduction
============

None of the noninvasive diagnostic methods available today has been able to measure tissue oxygenation accurately at each desired spot of the lower limb. Ankle-brachial indices (ABIs), toe-brachial indices, computed tomography arteriographies, magnetic resonance arteriographies, and digital subtraction angiographies are used in daily vascular practice, but do not specifically measure tissue oxygenation at the transtibial and femoral level, or, for instance, around ischemic ulcers.[@b1-mder-8-031]--[@b4-mder-8-031] Near-infrared spectroscopy (NIRS) is a noninvasive method that monitors the regional hemoglobin oxygen saturation (rSO~2~) of several cubic cm of tissue underneath the NIRS optode.[@b5-mder-8-031] It can be applied to the skin at most of the spots of the upper and lower extremities. Therefore, rSO~2~ values at rest and rSO~2~ limb-to-arm ratios (LARs) might be a useful tool to determine lower limb oxygenation and might have a role in the diagnosis of peripheral arterial disease (PAD). Only if NIRS has good reproducibility and low inter-subject variability it can be used to compare tissue oxygenation between subjects.

Recently, research groups focused on NIRS measurements for monitoring peripheral oxygenation, but most studies focused on individual rSO~2~ curves and did not compare rSO~2~ values between patients.[@b6-mder-8-031]--[@b9-mder-8-031] The subject of this study concerns the assessment of reproducibility and inter-subject variability of rSO~2~ values and rSO~2~ LARs in lower extremities of healthy subjects. Assessment of the reproducibility and inter-subject variability of NIRS measurements is essential before its widespread clinical use for monitoring lower limb oxygenation.

Methods
=======

Subjects
--------

NIRS measurements were performed in eight healthy subjects (four males and four females). The eight subjects had a mean age of 37 years with a standard deviation (SD) of 15 years. None of the healthy subjects suffered from cardiovascular disease, pulmonary disease or diabetes mellitus. All had ABI ≥1 at rest and no clinical complaints of PAD.

The NIRS technique
------------------

NIRS is a noninvasive technique that determines the degree of oxy-hemoglobin saturation in tissue sampled under the optode.[@b10-mder-8-031] The arterial and venous contribution to the total signal has been determined for cerebral measurements and is estimated at a 1:3 ratio, respectively.[@b11-mder-8-031] The measurements in this study were performed with an INVOS 4100 system (Somanetics Corp, Troy, MI, USA) with software version 11.16.16 provided by Covidien (Mansfield, MA, USA). The INVOS optode consists of a light source and two receiving detectors. The light source consists of two light-emitting diodes generating wavelengths of light at 730 and 810 nm (red and near-infrared light, respectively). The first photodetector is separated from the light source by a distance of 3 cm, and the second photodetector by a distance of 4 cm. The maximum penetration depth of photons passing through the sampled tissue from source to the photodetectors is approximately 2 cm.[@b12-mder-8-031]

NIRS calculates the absorption of photons by oxygenated and deoxygenated hemoglobin molecules. The light absorption spectra of oxygenated and deoxygenated hemoglobin are different in the near-infrared region, and therefore the relative concentration of oxygenated hemoglobin can be determined.[@b6-mder-8-031],[@b13-mder-8-031]

Experimental protocol
---------------------

All healthy subjects were asked to lie supine for 30 minutes before the rSO~2~ values were measured. The measurement spots were the same for each subject and are shown in [Figure 1](#f1-mder-8-031){ref-type="fig"}. The rSO~2~ values were measured at rest and while supine at one reference spot on each upper arm (biceps 8 cm proximally of elbow joint \[A\]) and at six fixed spots at each lower limb (rectus femoris 15 cm distally of major trochanter \[B\], vastus lateralis 10 cm distally of major trochanter \[C\] and 5 cm proximally of knee joint \[D\], gastrocnemius lateralis 5 cm distally of knee joint \[E\] and 15 cm proximally of ankle joint \[F\] and soleus 5 cm proximally of ankle joint \[G\]). The duration of each measurement was 30 seconds. Measurements at the 14 spots were performed twice on 1 day and were repeated on 4 different days by the same observer. To ensure accurate replication of the measurement spot during each measurement, measurement spots were marked with a waterproof marker. The NIRS probe was attached to the extremities with an elastic bandage enfolded loosely around the extremity. All measurements were performed in the same examination room at a room temperature of 20°C. This study is approved by the investigational review board of St Antonius Hospital, Nieuwegein. Written informed consent was obtained from all subjects.

Statistical analysis
--------------------

### Measurements at the same spot in the same subject over time

The mean, the SD, and the coefficient of variation (CV) of rSO~2~ values and rSO~2~ LARs of ten measurements were calculated for every measurement spot of all eight subjects. CVs were calculated by dividing the SD by the mean, expressed in %. The mean of eight mean rSO~2~ values and rSO~2~ LARs (average mean), the mean of eight SDs and the mean of eight CVs of all eight subjects were calculated for every measurement spot.

### Measurements at the same spot between different subjects

The SD and the CV of eight mean rSO~2~ values and rSO~2~ LARs of all eight subjects were calculated for every measurement spot.

At each spot on the lower extremity, an rSO~2~ LAR was calculated by dividing the rSO~2~ value of a lower extremity spot by the rSO~2~ value of the arm (reference spot), analogous to the ABI. This study can be considered a pilot study with the main objective being "to describe". This means that there was no a priori goal for the width of the confidence interval and we could not make an educated guess about the intra- and inter-individual variability due to a lack of data in literature. This precluded a formal power calculation. However, for a general impression when describing a mean of a normally distributed variable with a confidence level of 95% and an acceptable difference of 50% of the mean and assuming a CV of 50%, the required sample size would be six. To be safe, we chose to measure eight subjects at ten times on 14 measuring points each. Measurements within subjects and between subjects appeared to be normally distributed after evaluation by means of visual inspection. NIRS showed in three (of the four) women no rSO~2~ value for point B (rectus femoris) and point C (proximal vastus lateralis) in several measurements. Therefore, these measurement spots were excluded in the results of all eight subjects.

Results
=======

Measurements at the same spot in the same subject over time
-----------------------------------------------------------

The mean, the SD, and the CV of rSO~2~ values and rSO~2~ LARs of ten measurements of the first subject are listed for every measurement spot as an example in [Table 1](#t1-mder-8-031){ref-type="table"}. The mean of eight CVs of all eight subjects was calculated per measurement spot, resulting in mean CVs ranging from 3.6% to 5.6% (only lower limb measurement spots) for rSO~2~ values and from 4.6% to 7.2% for rSO~2~ LARs, as shown in [Table 2](#t2-mder-8-031){ref-type="table"}.

Measurements at the same spot between different subjects
--------------------------------------------------------

The CV of eight mean rSO~2~ values of all eight subjects was calculated per measurement spot, resulting in CVs ranging from 6.0% to 14.3% (only lower limb measurement spots), as shown in [Table 3](#t3-mder-8-031){ref-type="table"}. The CV of eight mean rSO~2~ LARs of all eight subjects was also calculated per measurement spot, resulting in CVs ranging from 8.3% to 18.0%, as shown in [Table 3](#t3-mder-8-031){ref-type="table"}.

Discussion
==========

The NIRS technique has already been investigated for monitoring peripheral oxygenation, but these studies dealt with individual rSO~2~ curves. Assessment of the reproducibility and inter-subject variability of rSO~2~ values and the rSO~2~ LARs for the lower extremities is essential to define the accuracy of NIRS measurements and to interpret NIRS outcomes. Besides, it is important to know whether rSO~2~ values can be compared between individuals like the ABI, or toe-brachial index.

This study showed that reproducibility of NIRS is good among healthy subjects with mean CVs of measurements at the same spot in the same subject over time ranging from 3.6% to 5.6% for rSO~2~ values and from 4.6% to 7.2% for rSO~2~ LARs. For example, this means that subject one may have an rSO~2~ value of 65% 1 day and 70% another day. CVs of measurements at the same spot between different subjects ranged from 6.0% to 14.3% for rSO~2~ values and from 8.3% to 18.0% for rSO~2~ LARs. These results suggest that NIRS seems to be less suitable for comparing lower limb oxygenation between individuals with rSO~2~ values and rSO~2~ LARs. Ubbink and Koopman[@b14-mder-8-031] already reported excellent reproducibility of NIRS measurements in 20 healthy subjects at the calf muscle (intra-class correlation coefficient at rest of 0.91) but moderate reproducibility at the dorsum of the foot (intra-class correlation coefficient at rest of 0.53), using an InSpectra Tissue Spectrometer Model 325. Komiyama et al[@b15-mder-8-031] found excellent reproducibility of a Shimadzu OM-220 device at the calf muscle (intra-class correlation coefficients at rest of 0.88) in eleven patients with claudication. Cooper et al[@b16-mder-8-031] provided results concerning the inter-variability of NIRS measurements. In 90 healthy subjects, a mean of 62.9% was found with an SD of 5.9% for the vastus lateralis, using a NIRO-200 device.

An explanation for the widespread inter-individual variation of rSO~2~ values is that the local tissue composition of the sampled tissue for each individual differs by the fat-to-muscle ratio, heterogeneity of skeletal muscle tissue and adipose tissue, scarring, and collagen etc. Cooper et al[@b16-mder-8-031] and Geraskin et al[@b17-mder-8-031] showed that an increase of thickness of adipose tissue of a measurement spot results in increase of oxygen saturation. Inter-variability of tissue composition also means that the amount of light scattering and therefore optical pathlengths differ per measurement spot. This makes quantification of hemoglobin molecules very difficult.[@b10-mder-8-031],[@b18-mder-8-031],[@b19-mder-8-031] LARs were calculated to decrease the influence of inter-individual tissue variability. Unfortunately, LARs did not improve the widespread inter-individual variation of NIRS results. Moving the optode from one measurement spot to another in an individual may give different rSO~2~ values even if oxygenation is normal. The differences in rSO~2~ values of the same measurement spots between individuals and the differences in rSO~2~ values between measurement spots in the same individual might rather be dependent on tissue composition and its variability in scattering and thus variability in sampling volume than on the actual local muscle tissue oxygenation.

This study has limitations. NIRS values could not be determined in three of four women at the rectus femoris (B) and proximal vastus lateralis (C), probably because women comprise more adipose tissue at these measurement spots. Spots at the rectus femoris and proximal vastus lateralis might therefore not be used in clinical practice for monitoring peripheral tissue oxygenation. Second, we did not measure adipose tissue thickness of the measurement spots. However, we created rSO~2~ LARs to correct for variability of adipose tissue thickness. Unfortunately, LARs did not improve the widespread inter-individual variation of NIRS results. Algorithms are currently being developed to account for adipose tissue thickness during SO~2~ measurements with NIRS.[@b20-mder-8-031]

Future perspectives
===================

Future NIRS studies of lower extremities might focus on individual trend measurement. A future application of NIRS might be to survey effects of percutaneous transluminal angioplasty and bypass surgery on lower limb oxygenation peri-procedurally. This can be of help to determine the extent of lower limb revascularization procedures for treatment of critical limb ischemia including ulcers. Another role of NIRS could be to use it as a continuous postoperative surveillance method of complex peripheral bypass surgery to detect early postoperative failure. Vardi and Nini[@b6-mder-8-031] already described the added value of NIRS measurements to asses PAD in patients using trend measurement.

Conclusion
==========

NIRS is an easily applicable, noninvasive tool for monitoring tissue oxygenation of the lower extremities in individuals. The reproducibility and inter-subject variability of rSO~2~ values and rSO~2~ LARs have been assessed at the lower extremities in healthy subjects. The reproducibility of rSO~2~ values and rSO~2~ LARs at the same measurement spot in the same subject are good.
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![Measurement spots.\
**Notes:** Point A: biceps, 8 cm proximally of elbow joint. Point B: rectus femoris, 15 cm distally of major trochanter. Point C: vastus lateralis, 10 cm distally of major trochanter. Point D: vastus lateralis, 5 cm proximally of knee joint. Point E: gastrocnemius lateralis, 5 cm distally of knee joint. Point F: gastrocnemius lateralis, 15 cm proximally of ankle joint. Point G: soleus, 5 cm proximally of ankle joint.](mder-8-031Fig1){#f1-mder-8-031}

###### 

Regional hemoglobin oxygen saturation values and limb-to-arm ratios of subject 1

  Measurement              Biceps (A)                               Distal vastus lateralis (D)                       Proximal gastrocnemius lateralis (E)            Distal gastrocnemius lateralis (F)   Distal soleus (G)                                                   
  ------------------------ ---------------------------------------- ------------------------------------------------- ----------------------------------------------- ------------------------------------ ------------------- ----------- ----------- ----------- ----------- -----------
  1                        70                                       66                                                67                                              67                                   71                  75          73          63          86          72
  2                        71                                       73                                                64                                              68                                   73                  74          77          70          82          73
  3                        67                                       64                                                72                                              78                                   75                  74          76          74          76          68
  4                        68                                       65                                                70                                              73                                   78                  77          80          77          79          67
  5                        64                                       71                                                64                                              66                                   77                  82          80          77          75          74
  6                        65                                       70                                                65                                              63                                   79                  77          85          77          79          73
  7                        67                                       72                                                65                                              70                                   75                  76          83          70          80          71
  8                        66                                       68                                                70                                              70                                   78                  78          84          76          77          62
  9                        67                                       71                                                71                                              71                                   78                  76          86          71          77          65
  10                       69                                       72                                                67                                              65                                   72                  82          82          69          81          66
  rSO~2~ in %, mean ± SD   67.4 ±2.17                               69.2±3.22                                         67.5±3.03                                       69.1±4.33                            75.6±2.84           77.1±2.88   80.6±4.22   72.4±4.62   79.2±3.26   69.1±4.07
  CV in %                  3.2                                      4.7                                               4.5                                             6.3                                  3.8                 3.7         5.2         6.4         4.1         5.9
                           **Distal vastus lateralis/biceps (D)**   **Proximal gastrocnemius lateralis/biceps (E)**   **Distal gastrocnemius lateralis/biceps (F)**   **Distal soleus/biceps (G)**                                                                             
  **rSO~2~ LAR**           **rSO~2~ LAR**                           **rSO~2~ LAR**                                    **rSO~2~ LAR**                                                                                                                                           
  **Left**                 **Right**                                **Left**                                          **Right**                                       **Left**                             **Right**           **Left**    **Right**                           
                                                                                                                                                                                                                                                                               
  1                        0.96                                     1.02                                              1.01                                            1.14                                 1.04                0.95        1.23        1.09                    
  2                        0.90                                     0.93                                              1.03                                            1.01                                 1.08                0.96        1.15        1.00                    
  3                        1.07                                     1.22                                              1.12                                            1.16                                 1.13                1.16        1.13        1.06                    
  4                        1.03                                     1.12                                              1.15                                            1.18                                 1.18                1.18        1.16        1.03                    
  5                        1.00                                     0.93                                              1.20                                            1.15                                 1.25                1.08        1.17        1.04                    
  6                        1.00                                     0.90                                              1.22                                            1.10                                 1.31                1.10        1.22        1.04                    
  7                        0.97                                     0.97                                              1.12                                            1.06                                 1.24                0.97        1.19        0.99                    
  8                        1.06                                     1.03                                              1.18                                            1.15                                 1.27                1.12        1.17        0.91                    
  9                        1.06                                     1.00                                              1.16                                            1.07                                 1.28                1.00        1.15        0.92                    
  10                       0.97                                     0.90                                              1.04                                            1.14                                 1.19                0.96        1.17        0.92                    
  rSO~2~ LAR, mean ± SD    1.00±0.05                                1.00±0.10                                         1.12±0.07                                       1.12±0.05                            1.20±0.09           1.05±0.09   1.18±0.03   1.00±0.07               
  CV in %                  5.5                                      10.2                                              6.5                                             4.8                                  7.4                 8.5         2.5         6.6                     

**Notes:** Regional hemoglobin oxygen saturation (rSO~2~) values of all measurements of all measurement spots, the mean rSO~2~ values, standard deviation and coefficient of variation per measurement spot and rSO~2~ limb-to-arm ratios (LARs) of all measurements of all measurement spots, the mean rSO~2~ LARs, standard deviation and coefficient of variation per measurement spot of subject 1.

**Abbreviations:** SD, standard deviation; CV, coefficient of variation.

###### 

Average mean, mean standard deviation and mean coefficient of variation of all subjects

  Measurement spots                             rSO~2~ in %      rSO~2~ in %                                                            
  --------------------------------------------- ---------------- ------------------ ------------------ ------------- ------------------ -----
  Biceps (A)                                    69.7             2.76               3.9                71.1          3.49               4.9
  Distal vastus lateralis (D)                   74.6             2.91               4.0                72.6          3.96               5.4
  Proximal gastrocnemius lateralis (E)          81.3             2.78               3.6                78.2          3.29               4.2
  Distal gastrocnemius lateralis (F)            81.3             3.28               4.0                81.1          3.56               4.5
  Distal soleus (G)                             74.7             3.39               4.6                71.7          4.00               5.6
                                                **rSO~2~ LAR**   **rSO~2~ LAR**                                                         
  **Average mean**                              **Mean SD**      **Mean CV in %**   **Average mean**   **Mean SD**   **Mean CV in %**   
  **Left**                                      **Left**         **Left**           **Right**          **Right**     **Right**          
                                                                                                                                        
  Distal vastus lateralis/biceps (D)            1.08             0.05               4.9                1.03          0.06               6.4
  Proximal gastrocnemius lateralis/biceps (E)   1.17             0.05               4.6                1.11          0.06               5.9
  Distal gastrocnemius lateralis/biceps (F)     1.18             0.05               4.7                1.15          0.07               6.5
  Distal soleus/biceps (G)                      1.08             0.06               5.9                1.02          0.07               7.2

**Notes:** The mean of eight mean (average mean) regional hemoglobin oxygen saturation (rSO~2~) values and rSO~2~ limb-to-arm ratios (LARs) of all eight subjects per measurement spot, the mean of eight standard deviations (mean SD) of all eight subjects per measurement spot and the mean of eight coefficients of variation (mean CV) of all eight subjects per measurement spot.

###### 

Average mean, standard deviation of average mean and coefficient of variation of all subjects

  Measurement spots                             rSO~2~ in %              rSO~2~ in %                                                                
  --------------------------------------------- ------------------------ ---------------- ------------------ ------------------------ ------------- ------
  Biceps (A)                                    69.7                     5.31             7.6                71.1                     6.34          8.9
  Distal vastus lateralis (D)                   74.6                     10.46            14.3               72.6                     8.35          11.5
  Proximal gastrocnemius lateralis (E)          81.3                     6.63             8.2                78.2                     4.82          6.2
  Distal gastrocnemius lateralis (F)            81.3                     4.85             6.0                81.1                     5.90          7.3
  Distal soleus (G)                             74.7                     6.91             9.3                71.7                     5.69          7.9
                                                **rSO~2~ LAR**           **rSO~2~ LAR**                                                             
  **Average mean**                              **SD of average mean**   **CV in %**      **Average mean**   **SD of average mean**   **CV in %**   
  **Left**                                      **Left**                 **Left**         **Right**          **Right**                **Right**     
                                                                                                                                                    
  Distal vastus lateralis/biceps (D)            1.08                     0.19             18.0               1.03                     0.15          14.8
  Proximal gastrocnemius lateralis/biceps (E)   1.17                     0.11             9.5                1.11                     0.13          11.9
  Distal gastrocnemius lateralis/biceps (F)     1.18                     0.12             10.3               1.15                     0.13          11.7
  Distal soleus/biceps (G)                      1.08                     0.13             11.9               1.02                     0.08          8.3

**Notes:** The mean of eight mean (average mean) regional hemoglobin oxygen saturation (rSO~2~) values and rSO~2~ limb-to-arm ratios (LARs) of all eight subjects per measurement spot, the standard deviation of eight mean rSO~2~ values and rSO~2~ LARs of all eight subjects per measurement spot and the coefficient of variation of eight mean rSO~2~ values and rSO~2~ LARs of all eight subjects per measurement spot.

**Abbreviations:** SD, standard deviation; CV, coefficient of variation.
